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ABSTRACT

Recent design studies have indicated that the stoppable rotor
aircraft concept offers a very effective solution for satis-
fying V/STOL missicns rejuiring a combination of relatively
low downwash characteristics, good h.ver efficiency, and
relatively high cruise speeds and crui-e efficiency. In par-
ticular, the stowed-tilt-rotor stoppable-rotor concept offers
great potential for three missions: 1) high-speed long-range
rescue, 2) capsule recovery, and 3) VTOL medium transport.

The Boeing Company, under USAF Flight Dynamics Laboratory
Contract F33615-69-C-1577, is conducting a program of para-
metric design, analysis, and wind-tunnel testing to establish
design criteria for the stowed-tilt-rotor stoppable-rotor
concept.

The prooram is being conducted in two phases. Phase I corvers
parametric design studies to provide basic information on the
size and configuration of aircraft required to fulfill three
basic mission requirements and two multimission requirements.
These parametric studies provide an appreciation of the com-
promises which result from multimission application. A base-
line aircraft is then seclected to provide a basis for various
tradeoffs and preliminary component design studies. The Phase
I studies provide the background needed to plan the Phase II
program of wind tunnel testing and analysis to establish design
criteria for the stowed-tilt-rotor concept.

Volume 1 of this report covers the first part of the Phase I
studies including the basic mission designs, the multimission
designs, the selection of a baseline aircraft, the basic char-
acteristics of this baseline aircraft, and mission and technol-
ogy tradeoffs. Volume 2 cocvers the preliminary component design
studies.

The current study indicates that there is reasonable compati-
bility between the rescue and capsule recovery aircraft because
their speed capabilitias and required useful loads are similar.
However, a much larger aircraft is required to accommodate all
three missions. (A reduction in cargo box size for the trans-
port mission can however provide a single compromise airframe
size.) Consequently, a baseline configuration has been selected
with a2 common lift/propulsion system combined with different
fuselages for rescue aircraft and medium transport aircraft.

The compromise made in the transport fuselage box size still
rrovides a capacity in excess of most current medium transports,
both helicopter and fixed-wing. The preliminary component de-
sign studies have generally confirmed the practicality of the
concept and have not revealed any serious problem areas.
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SECTION I

INTRODUCTION

VTOL concepts which retain the helicopter's advantage of
relatively low disc loading without overly compromising the
high-speed cruise characteristics hase shown promise of high
effectiveness in certain mission. Many comparative studies in
recent years have pointed to the stoppable rotor, and in par-
ticular tc the stowed tilt rotor, as the concepts providing

the greatest potential for three missions: 1) high-speed long-
range rescue, 2) capsule recovery, and 3) VTOL transport.

The stowed-tilt-rotor concept hovers and makes a transition to
forward flight with the rotor shaft horizontal, in the same man-
ner as a pure tilt-rotor aircraft. However, when the aircraft
reaches a conversion speea of the order 120 to 180 knots, the
rotors are feathered and stopped, and the blades are folded back
into wing-tip-mounted nacelles. Power is proviaed by convertikle
engines which are capable of providing shaft power for the rotor
drive or fan power for criise flight with the rotors folded.

The stowed tilt rotor has other advantages which are natural
fallouts of the configuration. For example, vulnerability is
drastically reduced in the cruise mode ccmpared to VIOL concepts
which rely on rotor or propeller systems for cruise propulsion.
The stowed tilt rotor 1in sus*ain damage which renders the rotor
blades, hubs and conti ls, rotor transmission system, and two

of four engines inoperative and still return to make a cocnven-
tional landing with the rotors stowed. The small proportion of
rotor driven mode fiight time (from five- to twenty-five percent
of total flight time, depending on the mission) will reduce
maintenance cost and bring overhaul time of the rotor-associated
system in line with airframe overhaul periods. In addition,
failure of the nacelle tilting mechanism does not torce the
aircraft to make a landing which involves heavy rotor or vpro-
peller damage. These advantages offset the complexities which
accrue from the addition of rotor folding.

Investigation of the concept has steadily advanced to the point
where preliminary wind-tunnel tests of the folding tilt rotor
have been completed. However, much remains to be done to estab-
lish a firm base of technical data and design criteria for
further development of the concept.

Under USAF Flight Dynamics Laboratory Contract, Boeing is con-
ducting a program of parametric design, analysis, and wind-
tunnel testing to establish design criteria for the stowed-
tilt-rotor stoppable rotor concept. The program is being
conducted in two phases.

bt




The Phase I studies reported here provide the necessary
background to plan the Phase 11 program of wind-tunnel testing

and analysis reguired t> establish design criteria for the
stowed-tilt-rotor concept.
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SECTION II

SUMMARY

THE MISSIONS AND THiE DESICHS

The first part of this report presents the results of a
preliminary design study in which five basic folding-tilt-
rotor aircraft have been designed. Three of thecse designs
are for discrete design missions and two are rultimission
aircraft ccmbining two, and then all three, of the basic
missions. The missions and the design aircraft are:

Mission Aircraft

o High~speed long-range rescue Design Point I
o Capsule recovery Design Point II
o V/STOL medium transport Design Point IV
o High-speed long-range rescue Desiyn Point III

and capsule recovery

(multimission)
o High-speed long-range rescue, Design Point V

capsule recovery, and V/STOL
medium transport (multimission)

The intent of the analysis was to determine the degree of
compatibility between aircraft designed to the three nis-
sions, and the compromise necessary to combine these mission
capabilities in substantially common airframes. As a min-
imum, this commonality was extended to the 1lift/propulsion
system comprising the wing, engines, drive system, and
rotors. The relative numbers of production aircraft which
might be required for each mission was considered in
determining the degree of commonality. The technology
level used in these studies is appropriate to a 1976 IOC
date time frame.

The results, presented in detail in subsequent sections of
this report, are summarized in this section.

a. Basic Mission Aircraft

Salient characteristics of the three basic mission air-
craft are given in Figure 1.




The basic rescue mission aircraft has a design takeoff
gross weight of 67,000 pounds. The critical hover
engine sizing criteria was at the midpoint, matching
the engine size rsquired for the 400~knot cruise cpeed
at 26,000 feet. Disc loading at the midpoint is 15
pounds per square foot.

The capsule recovery aircraft, at 78,000 pounds, is
heavier than the rescue vehicle. While both aircraft
have approximately the same useful load of 20.000
pounds, the higher drag of the capsule recovery air-
craft (caused by the fuselage configuration necessary
to carry the capsule) and the weight penalties of the
structural cutout to accommodate the capsule in the
bottom of the fuselage caused the weight to escalate.
This is reflacted in the higher fraccion of shaft
horsepower to gross weight of the capsule recovery
aircraft.

The VTOL medium transport aircraft is still larger, at
85,000 pounds. This was of course due to the consider-
ably larger fuselage that was required to accommodate
the 463L loading system. The conclusion, therefore,

was that there was little compatibility between the
sizes of aircraft required to fulfill these three basic
missions.

Multimission Aircraft

The multimission aircraft are summarized in Figure 2.
Understandably, a combination of the rescue and capsule
recovery missions into Design Point III produces an
aircraft of the same size as the larger of the two
single-mission aircraft. The lift/propulsion system of
the capsule recovery aircraft will also accommodate the
rescue mission requirements if the drive system is up-
rated slightly. Thus, the basic Design Point III
vehicle is a capsule recovery lift/propulsion system
with an uprated drive system combined with a rescue
mission fuselage for the Design Point I mission. This
vehicle is then modified by the substitution of an
enlarged center fuselage section for the Design Point II
or capsule recovery mission. The required number of the
latter configuration is likely to be small. Such a
factory modification of a limited number of aircraft
appears to be the most satisfactory solution, if only
the rescue and capsule recovery missions are considered.

In configuring the Design Point V multimission aircraft
to accomplish the three basic missions, certain ground
rules were established:
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(1) The lift/propulsion system should be common.

{2) The basic aircraft fuselage should be for the
transport missio., since this is likely to be
built in the large.t quantities.

(3) Since the number of capsule recovery aircraft
required is likely to be small, they should
require a minimum modification to the bhasic
fuselage.

(4) While the required guantities of rescue ships
may not justify development of a new aircraft,
the number woculd bhe sufficiently large to
warrant major modification of an existing
airframe. Therefore, a new fuselage is
permissible for the rescue version if the
weight and drag of the transport fuselage
makes it impossible to do the rescue mission
with the base airplane.

The first step in designing the Design Point V aircraft

was to resize the basic transport aircraft to have a 400-
knot speed capability for the capsule pickup mission. This
resulted in a 104,000~-pound design gross weight ship which
was able to fulfill the capsule pickup role, with a suitably
modified fuselage. While it was obvicusly desirable to do
the rescue mission with the kasic airframe unchanged, it
was found that the drag and weight of the large fuselaga
forced the required takeoff weight for this mission up to
127,000 pcunds. While this was tolerable, the resulting
midpoint gross weight required 13 percent more power than
is installed in the base transport capsule pickup aircraft.
Therefore, rather than increase the size of the basic lift/
propulsion system still further, a new smaller fuselage was
designed for the rescue version of Design Point V. The
resulting reduction in drag and weight makes it possible to
do the rescue mission without increasing the size of the
basic lift/propulsion system.

THE BASELINE SELECTION

Because the multimission aircraft designed to accomplish
all three basic roles turned out to b2 so large, a further
study was made of a compromise aircraft based on the Design
Point I rescue aircraft. This design point lift/propulsion
system was combined with a transport type fuselage based on
a CH-47 helicopter box size widened to 96 inches at the
floor line to accommodate 463L system pallets. This air-
craft is capable of carrying the full 86 x 108-inch pallet
and air-dropping the 88 x 54-inch half-pallet. Pallet
loading is restricted to 72 inches in height. Although

7
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this aircraft does not have the unrestricted 463L system
pallet loading capability of the Design Point IV transport
aircraft (i.e., maximum pallet height or air dropping of
full pallets), it can nevertheless meet most of the trans-
port mission requirements.

1+ was, therefore, decided that the baseline aircraft would
be the design point I rescue aircraft, with a slightly in-
creased span to permit the alternate installation of a
wider transport fuseiage. The baseline is, therefore, in
reality two aircraft with common lift/propulsion systems.

This baseline aircraft approach is illustrated in Figure 3.
A basic lift propulsion system is used with two different
fuselages: one to fulfill the complete rescue mission,

and the other to provide an alrcraft which meets most of
the mission requirements for the medium transport role.
Further trade-offs might be made to establish the mission
capabilities of a basic transport version with minimum
modifications for both the rescue and capsule recovery
missions.

TECHNICAL ASSESSMENT

A broad assessment has been made of the i.andling qualities
and control systems, and the structural dynamic behavior
of the baseline aircraft.

In principle, it has been established that hover control
can be satisfactorily attained without the use of large
amounts of cyclic pitch control, thus alleviating the tiit
mechanism lcads and the stresses in the hingeless rctor
blades. The transient forces and moments on the aircraft
during conversion (blade folding and rotor spin-up and
stopping) do not appear to present severe problems. The
conversion process has been considerab.y simplified, com-
pared to concepts current at the beginning of the study,

by the elimination of fan clutches and mechanical rotor
indexing. Haindling qualities ia1 the stowed rotor mocde are
generally satisfactory. The problem areas are due to the
short span and high roll and yaw inertias of the configura-
tion. Thus low speed roll control response, roll subsidance
and spiral divergence do not meet specifications at present,
and further work must be done to provide solutions to these
problems. An assessment of the major structural dynamics
phenomena, using the component mass and stiffness distri-
butions generated in the study ard reported in Volume II,
does not indicate any undesirable characteristics.
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MISSICN A::D TECHNOLOGY TRADEOFFS

The effect of variations of the major mission parameters
on aircraft size and weight has been examined for the
Design Point I rescue aircraft and the Design Point IV
medium rescue aircraft.
marized below:

a. Deeign Point I:

(1)

{2)

(3)

(4)
(5)

(6)

Parameter
Cruire speed
Dash speed and
altitude

Mission radius

Payload

Hover time

Hover altitude
temperature

b. Design Point 1IV:

(1)
(2)

Parameter
Cruise speed

Dash speed and
altitude

The principal results are sum-

Mean Gros:s Weight
Sensi“ivity

200 pounds per knot
25 to 30 pounds per knot
-400 pounds per 1,000 feet:

For radii < 650 nautical miles:
52 pounds per nautical mile

For radii > 700 nautical miles:
310 pounds per nautical mile
(and increasing)

4.5 pounds per pound

At design point:
30,000 pcunds per hour

At twice the design point
hover time:
36,750 pounds per hour

Negligible belcw 6,000 feet,
95°F.

Mean Gross Weight
Sensitivity

180 pounds per knot

For dash speed < 350 knots:
17 pounds per knot,
-409 pounds per 1,000 feet

For dash speed > 350 knots:

580 pounds per knot,
~-967 pounds per 1,000 feet

10




Mean Gross Weight
Parameter Sensitivity

(3) Mission radius From 12% pounds per nautical mile

at design point to 630 pounds
per nauviical mile at twice the
design point mission radius

(4) Payload Above the design pcirt:
4.6 pounds per pound

Below the design point:
2.7 pounds per pound

(5) Hover time At design point:
27,500 pounds per nour

At one hour of hover time:
115,000 pounds per hour

(6) Hover altitude Negligible below design point,
and temperature increasing to 92,800 pounds at
4,000 feet 100°F.

The change in the empty weight of the baseline aircraft has
been assessed due to the omission of all advanced techno-
logy airframe materials and fabricaticn techniques and the
use of separate turboshaft and turbefan engines for rotor
drive and cruise propulsion. This is the logical apprcach
for a demonstrator prototype aircraft, and the results
show that such an aircraft would have an adequate payload
for test and mission evaluation purposes.

Predictions have also been made of the reduction in weicht
for advanced technology appropriate to a 1980 IOC date.
These predictions show that weight saviings amounting to

15 percent of the useful load are probable relative to the
datum 1976 IOC technology used in this study.

11
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SECTION IIIX

MISSION AND DESIGN GROUND RULES

MISSTON DEFINITIONS

'"he mission profiles and requirements for the three basic
missions are presented in Figures 4, 5, and €. These
missions are:

I High-Speed Long-Range Rescue
II Capsule Recovery
III Medium V/STOL Transport

Additional requirements for these missions (both given and
assumed) are presented as follows:

a. Additional Requirements for Design Point I

(1)

Given:

(a; Provide for aerial refueling. Use not
allowed on above missicn.

(b) Ferry range of 2600 nautical miles with no
refueling.

(c) Crew and cabin compartments shall be
pressurized.

(d) Aerial retrieval capability to recover
parachuting personnel and capsules at speeds
up to 300 knots TAS and weight to 300 pounds.

(e) With critical engine out at midpoint OGE
hover, be able to convert to forward flight
on emergency power of remaining engines with
a maximum altitude loss of 5 feet.

(£) Accommodate a crew of 5 at 240 pounds per
man (includes parachvtes).

(g) Additional weight provisions:

Hoists and Equipment 500 pounds
Avionics 1500 pounds
Armament and Armor 2000 pounds

13 PRECEDING PAGE BLAN
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b.

(2) Assumed:

(a)

(b)

(c)

(4)

No fuel consumed, no distance credit for
descent.

Mission flown at Air Force Hot Day conditiorns
unless otherwise noted.

Sufficient power is provided only for one-
engine~out hover, with no margin included
for maneuver as per reguirement (e) above.

Climb to cruise altitude is at maximum rate
of climb, military power.

Additional Requirements for Design Point Il

(1) Given:

(2)
(b)
(c)

(d)

Provide for aerial refueling and use as
required on above mission.

Ferry range of 2600 nautical miles with no
refueling.

Accommodate crew of 5 at 240 pounds per man
(includes parachutes).

Midpoint payvload size 13 feet in diameter by
12 feet in length.

(2) Assumed:

(a)

(b)

(c)

(d)

(e)

No fuel consumed, no distance credit for
descent.

Mission flown at Air Force Hot Day conditions
unless otherwise noted.

Climb to cruise altitude is at maximum rate
of climb, military power.

Aircraft sized to have sufficient fuel left
at midpoint to hover, pickup capsule, and
climb to refueling altitude with sufficient
reserves.

Reserve fuel requirement for refueling points
4, 7, and 10 in Figure 5 is 5 percent of fuel
consumed only during the cruise leg since
last refueling plus 30 minutes at best
endurance speed at the refueling altitude.

17



c¢. Additional Requirements for Design Point IV

(1) Given:

(a) STOL is defined as 1000-foot takeoff over a
50-foot obstacle.

(b) Ferry range 2600 nautical miles with no
refueling.

(c) Landing gear sink speed shall be 15 fps.

(d) cCargo compartment shall be compatible with
the 463L loading system usirg 2n 88-inch by
108-inch pallet, 6000 pournc. average pallet
weight, 10,000 pounds maxi.: pallet weight.

(e) Accommodate a crew of 5 at 240 pounds per man
(includes parachutes).

(2) Assumed:

(a) No fuel consumed, no distance credit for
descent.

(b) Mission flown at Air Force Hot Day conditions
unless otherwise noted.

(c) Climb to cruise altitude is at maximum rate
of climb, military power.

(d) Cargo compartment sized to accommodate 88-
inch wide pallet with enough clearance for
the passage of a man on either side.

Design Points III and V are multimission aircraft. The
requirements of missions I and II are combined in Design
Point III and all three basic missions are combined in
Design Point V.

DESIGN GROUND RULES

These ground rules are only intended to cover those items
necessary for the parametric design study definition.
However, special specifications for items peculiar to the
stowed-tilt-rotor concept are included for prominence in
the report. A comprehensive review of major military
specifications is presented in Volume III, Appendix II.

18




a. Structures

(1) Design Load Factors

All of the vehicles are assumed to be in the Air
: Force Class C (Assault) category.

The maximum positive design maneuver limit load
. factor shall be 3.0 for all gross weights from
minimum flying gross weight to the basic flight
design gross weight and at all speeds from the
: aircraft 3.0g maneuvering stall speed to design
i [i limit speed Vj,. At weights greater than the basic
~ flight design gross weight, strength shall be pro-
vided to maintain a constant NW except that the
limit load factor N shali not be less than 2.0 at
the maximum design gross weight. The maximum
negative desici limit load factor shall be -1.0
for all gross weights and all speeds from the air-
craft -1.0g maneuver stall speed to the design
level fligint maximum speed Vi,. At the design limit
speed V], the negative maneuver limit load factor
shall be =zero.

During transition from the rotor lift to pure wing
lift the stowed-tilt-rotor aircraft is a compound
vehicle and both the wing and rotors are capable
of contributing to the lift. The maximum design
limit load factor to be applied during transition -
zero forward speed to zero rotor lift - shall be
determined by adding the maximum rotor lift and
wing lift available at any given speed and divid-
ing the resultant sum by the gross weight under
consideration, except that the maximum maneuver
load factor must not be less than 2.5g or exceed
3.0 at any speed.

THE LIMIT LOAD FACTOR DURING CONVERSION (I.E., AT
ANY FLIGHT CONDITICNS WHERE THE ROTORS ARE NOT
FULLY DEPLOYED AND ROTATING AT AT LEAST 70% OF
MAXIMUM RPM) SHALL BFE 1.5.

The design limit gust load factors shall be deter-
mired in accordance with the latest issue of
MIL-S-8861. The speed for application of maximum
gust intensity shall be Vg = /N Vg. Preliminary
calculations indicate that the gust load factors
are compatible with the design maneuver load factor
of 3.0. Except when operating at minimum flying
gross weights, the aircraft are not gust critical.

19




(2)

(3)

Selection of Design Speeds

The design speeds selacted are pradicated on the
two primary speed requirements specified in the
mission requirements, namely that the vehicles be
capable of cperation at 400 knots TAS at 20,000
feet and 350 knots TAS at 3,000 feet. The engine
cycle used for preliminary vehicle sizing is such
that the aircraft is power critical fer the
400-knot 20,000-foot design point and capable of
exceeding the 350-knot dash speed at 3,000 feet.
In order to minimize the structural weight, the
decision was made to limit flight at lower alti-
tudes to an arbitrary maximum dynamic pressure.
Since the required 350 knots TAS at 3,000 feet is
the equivalent of 335 knots TAS at sea level
(standard day), the maximum level flight speed

is limited to 340 knots equivalent zirspeed (EAS).

Since the stowed-tilt-rotor concept, in commor
with other high speed aircraft, does not have a
speed increase of 20 percent of maximum level
flight speed due to gust or other upset, the
design limit speed Vj, is established as maximum
level flight speed plus 50 knots. This establishes
the design maximum dynamic pressure speed at 390
knots EAS. The aircraft presented in this study
are g limited (390 knots EAS) from sea level to
16,000 feet and power limited at altitudes above
16,000 feet.

A Mach number limit of 0.7 was ecstablished for
high altitude descents.

CONVERSION FROM RCTOR TO FAN DRIVEN FLIGHT AND
RECONVERSION SHALL BE PERMISSIBLE BETWEEN 1.2 X
FLAPS DOWN STALL SPEED TO THE GREATER OF (1.2 X
FLAPS DOWN STALL SPEED + 50 KTS) OR 1.2 X FLAPS
UP STALL SPEED.

Landing Gear

For the initial configuration studies carried out
in the first portion of this program the vehicle
landing gear weights are estimated in actordance
with the following ground rules:

(a) Gear weights compatible with helicopter landing
- gear weights are assumed for Design Point air-
craft I, II, and III. All landings and take-
offs are assumed to be vertical and made on
semi-prepared surfaces.
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(4)

(5)

(b) Gear weights compatible with normal transport
landing gear weights are assumed for Design
Point. aircraft IV and V. All landings and
takeoffs are assumed to be vertical and addi-
tional gear strength added to account for

taxiing over rough and semi-prepared airfields.

All of the configurations have the ability to
hover in ground effect at their respective basic
mission design takeoff weights and the above
assumptions for landing gear weight appear to be
reasonable.

Note: New landing gear ground rules were selected
by USA.FDL following tire basic parametric
studies. These revisicns were used in the
baseline aircraft studies and are quoted in
that section.

Pressurization Differentials

All of the configquraticns presented in this study,
except the Design Point IV configuration, have
been allocated weight increments to account for
pressurization. The Design Point IV and baseline
transport configurations are not pressurized be-
cause the cptimum altitude for the perform-nce of
the mission has been determined at 10,000 1eet or
lower. For all of the other configuraticns a
cabin altitude of 8,000 feet is maintained at a
flight altitude of 20,000 feet. Using a proof
pressure factor of 1.33 this amounts to a design
limit pressure differential of 5.45 psi.

On all of the configurations requiring pressuriza-
tion, the number of cutouts and/or door openings
are kept to a minimum in the pressiurized area in
order to save weight. This is accomplished by the
judicious placement of the aft pressure bulkhead
and by eliminating the need for pressurization of
the aft hatch on Design Points I, II, and III.

Technology Level

Determination of the vehicle weights for Design
Point I, II, III, IV, and V aircraft shall be
based on technology for manufacturing techniques
and materials appropriate to an IOC date of 1976.
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b. Aerodynamjcs

(1)

(2)

(3)

(4)

Airfoil

In the interests of obtaining the optimum wing
weight, the airfoil section shall be of the max-
imum thickness possible consistent with the
requirement of flight at Mach 0.635 and the need
for a high-speed descent capability.

Wing Loading

The aircraft wing loading shall not exceed 90 psf
at any point in a mission where transition is
made from hover to forward flight or back. This
is done to insure maneuver capability during
transition.

Disc Loading

The aircraft disc loading shall not exceed 15 psf
at the mission midpoint hovering gross weight in
order to preserve a low downwash velocity during
rescue, capsule recovery or resupply operationms.

Emgennage

(a) Horizontal Tail

The horizontal tail shall be sized to provide
a minimum static margin of 5 percent MAC at
maximum cruise speed with the center of grav-
ity at the aft limit. An allowance of 5
percent for neutral point shift due to aero-
elasticity shall be included in the calcula-
tion. During low-speed operation with the
rotors extended it is intended that rate and
attitude stability augmentation will be pro-
vided, as necessary. This ground rule was
adopted to avoid the large change in static
margin which would occur during conversion

if the tail were sized for stability with
rotors deployed. It is considered justified
by the availability of stability augmentation
systems required for hover and transition.

(b) Vertical Tail

The vertical tail shall be sized to provide
a minimum directional stability coefficient
Cn of 0.0015 with the rotors in the stowed

position. Tha condition of thrust asymmetry
22
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due to loss of cne engine at 1.1Vg, with the
rotors folded and the center of gravity at
the aft limit, shall be investigated, and
adequate rudder control shall be provided to
trim at no greater than 5 degree yaw and roll
angles. It is assumed that stability aug-
rentation shall be provided, as necessary,
for ircreased rate damping ard increased
directional stiffness for operation at low-
speed with the rotor extended.

c. Propulsion

(1)

(2)

Powerplants

The same powerplants shall be utilized to power the
cruise fans and the rotors. Means shall be pro-
vided to transfer power from the cruise fans to the
rotors. Provisions shall be made to achieve parti-
cle separation in the engine airflow during hover.

Fan bypass ratios shall be selected to obtain best
mission performance at minimum weight.

Power Transmission System

A transmission system shall be provided which will
adequately reduce the engine rpm to that desired
at the rotors and the fans. The transmission shall
also provide an interconnect between the two rotors
so that equal power distributicn will be achieved
between the two rotors in the event of an engine
failure.

The torque rapabilities of the rotor transmission
system shall meet the most severe of the following
requirements:

(a) Hover at design takeoff gross weight at the
altitude and temperature appropriate to the
mission, cut of ground effect, with the thrust
required for download contrcl and 500 fpm rate
of climb. The control applied shall give the
most severe power absorption occasioned by 100
percent control about one axis and 50 percent
about the other two axes. This is to be con-
strued as a total power requirement. Shafts
will bo sized for full torgue due to 100 per-
cent yaw control. A 55 to 45 power split
shall be used for gear weight estimation, the
full yaw control case being considered a
transient condition.
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(3)

(b} A climb rate of 1500 fpm at 200 knots EAS
(SL Std day).

{(c) A level flight speed of 250 knots EAS, (SL
std day).

The rotor transmission components shall also be
designed o the torque appropriate to one shaft
engine failed conditions for the above cases.

The shafting shall be designed to take the torques
imposed by maximum SL Std static power of all
engines on one side with all engines failed on

the other side. This is not to be applied as a
design case for gearing.

The fan drive system shall be designed to take
maximum SL Std day static power.

Rotors

The rotors shall be hingeless and shall be pro-
vided with both cyclic and collective pitch
control. In addition to adegquate cyclic and
collective pitch controls for normal low-speed
helicopter flight, the cyclic contrcl shall be
adequate for both pitch and yaw control during
hover and transition and the collective control
shall be adequate for roll control during hover
ard transition.

The rotor shall be designed to have a thrust
margin of 15 percent, over and above the thrust
(including download) at any mission hover con-~
dition of weight, altitude, and temperature,
before reaching the stall flutter condition. 1In
the absence of blade torsion parameter data at
the beginning of the study, the solidity of the
rotors was chosen for optimum hover performance
orovided the thrust-coefficient-to-solidity ratio
(helicopter notation) did nct exceed 0.12 at the
above conditions. This implied a stall flutter
limit at Cq/0 = 0.137. This subject is further
discussed under ROTOR BLADE in Volume II. '

The maximum hover tip speed shall be 870 feet
per second.

The rotor power limit shall be compatible with the
criteria given for the rotor transmission.

24



The number of blades shall be selected on the
basis of the following pricrities:

1st - Minimum rotor nacelle size
2nd - Hover performance
3rd ~ Noise

Weights

Weight estimates shall be obtained using statistical
weight trend equations and the specific mission
reguirements. Fixed inputs such as aspect ratio,

taper ratio, fuselage geometry, etc., shall be utilized
in the statistical trend equations and comkined with
mission requirements such as fixed equipment weights,
fixed useful load, payload, etc., to iterate a total
aircraft gross weight. The basic weight trends shall
reflect current state-of-the-art materials and manu-
facturing tecnniques which will be factored to reflect
a technology level consistent with an IGC date of 1976.
Design features not covered by the statistical weight
equations shall be estimated separately. One percent
of the weight empty shall be added to the gross weight
to allow for manufacturing variations.

Geometric Constraints

The minimum clearance between the rotor blade tips and
the fuselage side shall be 18 inches.

With the nacelle in the locked down position the rotor
plane shall be positioned to provide a minimum of 12
inches clearance between the blade trailing edge and
the wing and/or engine nacelle leading edge. This
Clearance shall be obtained with the blade fully
feathered and its quarter chord plane deflected aft
through an angle of 5 degrees measured from the rotor
hub and the pblade tip quarter chord. When the nacelle
is in the vertical position, the rotor plane shall be
high enough above the wing upper surface to prevent
the rotor blade from striking the wing when the ktlade
is at a negative cone angle of thirteen degrees. The
distance between the nacelle pivot point and the rotor
plane shall be kept to a minimum consistent with the
above requirement. Based on experience, these criteria
are for preliminary design purposes and should be re-
written when critical maneuver hlade property and
motion data are available.
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SECTION IV

CONFIGURATION STUDIES

CONFICURATION APPROACH

The fuselage configuration for any giver aircraft is
primarily dictated by the mission requiiements, and the
tail group configuration by stability and control require-
ments. The size and layout of the latter will ultimately
be chosen by wind tunnel testing. For the present designs
where critical mach number ccnsiderations are not parti-
cularly demanding, the wing size and geometry has been
chosen for the most efficient and simple structural
arrangement and tip nacelle attachment, consistent with
the required relationship between the nacelle tilt pivot
and wing for proper center of gravity location in hover
and cruise £flight.

A typical planform resulting from these considerations is
shown in Figure 7. This straight tapered planformn was

used for all of the initial configuration design studies.
However, after the baseline aircraft was sz2lected, addi-
tional consideration was given to planform in an attempt

to further reduce nacelle overhang. These changes are pre-
sented in Section V, BASEIL.INE CONFIGURATION DESCRIPTION.
Figure 8 shows the trade-off of wing weight plus fuel
weight with aspect ratio and wing loading. Weight in-
creases with wing loading because of the higher drag of

the higher area wing and, of course, the increased weight
of the wing itself. At constant wing loading, increasing
aspect ratio reduces induced drag thereby reducing fuel
weight; but the reduction in wing root thickness causes

the wing weight to increase because of the high root
bending moment due to lift loads in hover, and the latter
trend predominates. The conclusion is that the wing
loading should be as high as possible and the aspect ratio
as low as possible. However, as stated in the ground
rules, the wing loading is restricted to a maximum of 90 psf
in order to give good transition maneuverability. The min-
imum aspect ratio is determined by the minimum span that
can be accommodated with a rotor to fuselage clearance
limit of 18 inches.

a. Rotor Blade Stowing

Three different methods of stowing the rotor blades
were considered. These basic approaches are shown in
Figure 9. The nacelle at the top of this Figure shows
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CROSS~SHAFT RUNS ALONG NEARLY CONSTANT
CHORDLINE ALLOWING BEARING AND SNUBBER
ATTACHMENTS TO INTERMEDIATE SPAR

WD \ MID CG AT 0.25 MAC IN CRUISE CONFIGURATION
\

\
| \ TILT AXIS (ALSO CROSS-SHAT)
. % LOCATION CLOSE TO HOVER CG

TILT AXIS CHORDWISE LOCATION AT TIP
S GIVING GOOD STRUCTURAL ARRANGEMENT
FOR WING/TIP NACELLE

AIRCRAFT

MULTISPAR ARRANGEMENT, GIVES FUEL TANKAGE FORE AND AFT OF ISOLATED
TINTERFACE CROSS-SHAFT TUNNEL AND ACCESS TO CROSS-SHAFT THROUGH
PANELS LOCATED BETWEEN CENTER SPARS

Figure 7. Typical Wing Arrangement.
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Figure 8. Typical Wing Loading and Aspect Ratio Trade.
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the rotor blades folded flush with the surface of the
nacelle, in sculptured recesses. This approach appears
to offer the cleanest aerodynamic configuration but has
the drawback of a complication of the folding system to
turn the blade over from the feathered position during
the last few degrees of the fold cycle so that the
blades can lie flush in the nacelles.

The center drawing of Figure 9 shows what is perhaps
the most simple folding system approach. The blades
are maintained in a feathered position throughout the
fold cycle and are knifed into the nacelle center body.
From an aerodynamic standpoint, this method of stowing
gives a high wetted area compared to the flush system.
Together with the effect of blade twist, and the gaps
in the nacelle which will be required to nest the

rotor blades while accommodating any flap-wise motion
that may occur during the finel few degrees of the fold
cycle, this high wetted area will give a higher drag
than the flush method of folding. Wind turnel tests
show that this penalty may amount to 30 percent of the
drag of the clean wing plus faired nacelle. The pos-
sibility of blade trailing-edje damage is also con-
sidered high due to blade flapwise motions caused by
gust or maneuvers during the final stowing phase. On
the other hand, in the flush stowing method, a blade
would tend to slap the nacelle because of flap motions.
This slapping will probably be aerodynamically cushioned;
therefore, the flush folding system does appear to have
an advantage, although the problem of blade motion dur-
ing final folding requires further study.

The third stowing method considered is a variation of
the edge-wise stowing method; however, the blade shanks
are extended to a radial position in order to clear the
rotor transmission and tilting nacelle structure. The
blade proper then starts well outboard radialiy and
permits the trailing edge of the klades to be knifed
more deeply into the rear part of the nacelle where
cutouts in the structure are less critical. This
method of stowing should have a .drag somewhat between
the two methods already discussed but will suffer from
all the other vicissitudes of the edge-wise folding
system described previousiy. In addition, the figure
of merit of the rotor in hover will suffer greatly,
because of the non-optimum blade planform; however,
this may be permissible for very high speed stowed-tilt-
rotor aircraft which have surplus power in hover. Pub-
lished wind-tunnel testing of flush and knife-edge
folding methods indicates a much larger change in neu-
tral point from blades-deployed to blades-folded for
the knife-edge system of blade folding.
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After weighing all of these factors, the flusk method
of blade stowing was adopted for these investigations.
A method has been worked out to change blade pitch dur-
ing the fold cycle to allow the blades to lie flush,
and it appears toc be a practical solution. Although
this system appeared to be more complex than keeping
the blades in the feathered position duxing the fold
cycle, it produced fewer problems than knifing the
blades into the nacelle.

The major consideration of propulsion system layout and
location remains to be discussed. The basic studies
have concentrated on turboshaft engines mechanically
driving rotors and cruise fans. Earlier studies used
an arrangement whereby the engines, transmissions,

fans and rotors were all located in the wing tip

(Figure 10). This layout had the advantages of unload-
ed cross-shafting and a miniwum number of gear sets
when compared to other layouts.

Subsequent studies showed that this configuration was
unable to cope with the yawi..g moment developed after fan
failure, especially in the wave-off condition from an
approach to an emergency landing.

Difficulty was also encountered in installing four shaft
engines in the rotor nacelles when more stringent hover
criteria were given for certain missions.

Propulsion Concegpt

The propulsion system described in Section VIII,
PROPULSION, was evolved to overcome these problems and

- was selected after consideration of two other propul-

sion concepts. The simplest approach would be to as-
sume the availability of convertible turbofan engines.
However, this assumption is not a good one because of
the present low level of activity in this area. Also,
this approach was inadvisable due to the need for four
engines (caused by the stringent hover requirement of
these missions) and the lack of provision for particle
separators in proposed convercible turbofaa concept~
Gas drive systems were also considered; in particular
the ccncept of gas generators driving turbines con-
nected to the rotor system or tip turbine cruise fans
through diverted valves. This system has an advantage
inasmuch as rotor clutches can be eliminated, but the
inability of the system to progress smoothly from
rotor-drive to fan-drive without step functions (as
each gas generator is diverted) presented a problem.
In addition, shaft driven cruise fans have been fully
developed, whereas tip-turbine-driven cruise fans have
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received less attentiorn (although tip-turbine-lift-fan
technology as used in the XV-5A is applicable). There-
fore a system was selected where a pair of coupled
turboshaft engines drive a front fan through reduction
gearing and a clutch. 7he fan thrust can be mOdulated
through the use of variable guide vanes or variable-
pitch fan blades. A puwer takeoff and clutch is pro-
vided for the rotor drive. In the helicopter mode,

air is drawn through auxiliary inlets in the fan duct
walls provided with Donaldson tube separators.

The turbofan-tvpe nacelles of the propulsion package
were mounted immediately beneath the wing to minimize
interference drag and keep the engine inlets as hign

as peossible to minimize ingestion. A more ideal
nacelle location from the point of view of interference
drag would be further forward, well below the wing, but
this is precluded by the proximity of the rotor plane;
however, the location directly beneath the wing i~ pre-
ferable to intermediate positions. The spanwise pusi-
tion about one nacelle diameter from the fuselage side
was also chosen to minimize interference drag.

2. BASIC MISSION DESIGXS

a.

Design Point I Rescue Aircraft

This aircraft follows the general configuration outlined
above. A 3-view drawing and the major characteristics
of this aircraft are shown in Figur. 11l. The fuselage
size was minimized consistent with the tail arm re-
quired, the cabin volume needed to accommodate the

crew and payload, and the nose length needed to balance
the aircraft. A landing gear with one main leg with
two wheels, with conventional nose wheel gear, and

with an outrigger mounted under each engine nacelle,
was adopted to minimize landing gear weight and to

make landing gear fairings unnecessary, and therefore,
reduce drag. This system was judged the best arrange-
ment in view of the high-speed long-range mission and
the fact that the aircraft is expected to operate in
the vertical takeoff and landing mode for most missions.

In determining the minimum size of aircraft necessary
to perform the mission, tradeoffs were made with the
number of engines, the bypass ratio of the engines,

and the disc loading. Figure 12 shows the variations
of cruise normal-rated power to maximum static horse-
power ratio, as a function of bypass ratio, and the
specific fuel consumption at c¢ruise rating as a func-
tion of bypass ratio. 1t can be seen that bypass ratio
has very little effect on fuel flow for bypass ratios
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below eight for a given thrust requirement; it can
also be seen that engines of bypass ratio four have
about six percent more cruvise thrust available for a
given power than engines of bypass ratio eight. These
low sensitivities led to the conclusion that the bypass
ratin would have very little effect on the tradeoff of
number of engines.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>